Two large satnples of "mixed" rumen bacteria, virtually free from protozoa and feed residues, were prepared from abattoir sheep, one from sheep coming from "green" feed conditions and the other from "dry"-fed sheep.
INTRODUCTION
More than fifty years ago Zuntz (1891) and Hagemann (1891) postulated that the non-protein nitrogen of the diet might be converted to protein by the microorganisms of the rumen and that this bacterial protein could later be digested and utilized by the host animal. Since that time numerous investigators have established that protein synthesis by the bacteria of the rumen can and .. Institute of Agriculture, University of Western Australia, Nedlands, W.A. RUMENAL FLORA STUDIES IN SHEEP. I 305 does occur. Indisputable evidence of such synthesis is provided by many experiments demonstrating the utilization of urea and ammonium salts by the ruminant. Extensive reviews of the early litemture in this field are given by Mitchell and Hamilton (1929) and by Krebs (1937) . The results of later studies up to 1947 are reviewed by . Since that time further important data have been obtained" which show that the 10 essential amino acids can be synthesized in large amounts in ruminants fed a diet in which urea is virtually the sole source of dietary nitrogen.
Even where the dietary nitrogen is entirely in the form of protein, considerable alteration may be expected in satisfying the demands of the rumen bacteria. Johnson and his co-workers (1942) suggested that the conversion of food protein to bacterial protein was considerable. This view is strongly supported by the work of Hale, Duncan, and Huffman (1947) , who showed a rumen "digestion" coefficient of 60 for protein, and more recently by McDonald ( 1948) , who found that 40 per cent. of the protein zein fed to sheep was converted to microbial protein.
These findings emphasize the importance of knowing something of the nutritive value of rumen bacterial protein, a problem which was investigated by Muller (1906) , Usuelli and Fiorini (1938) , and Johnson et aZ. (1944) . Their results were reviewed by McNaught and Smith (loc. cit.) , who also presented the results of an experiment carried out by McNaught et aZ. (1947) in which the true digestibility and biological value of the protein of a large preparation of "mixed" rumen bacteria were determined. The nutritive value of the rumen bacteria obtained by these workers was considerably higher than that obtained by Johnson et aZ. (loc. cit.) , who had insufficient material to obtain entirely satisfactory results by the methods used.
In this paper are presented the methods and results of an investigation of the "true" digestibility, the biological value, and the sulphur-containing amino-acid contents of the protein of bacteria obtained from the rumen of slaughterhouse sheep selected to represent two types of feed conditions. The results of the sulphur-containing amino-acid determinations on these samples have been partially presented previously by Johanson, Moir, and Underwood (i949) .
II. MATERIALS AND METHODS (a) Collection of Rumen Bacteria
The samples of rumen bacteria were obtained from sheep slaughtered at the Melbourne Abattoirs. The rumens were separated into those from sheep coming from "dry" feed and those from "green" feed conditions. The absence of green material in the rumen was taken to indicate "dry"-fed animals and its presence to indicate "green"-fed animals .
.. By Loosli, J. K., Williams, H. H., Thomas, W. E., Ferris, F. H., and Maynard, L. A. (1949) , unpublished data.
The whole rumen contents were strained into cans through several thicknesses of gauze, transported to the laboratory, and immediately chilled in a refrigerated room. The materials were then again strained through gauze and centrifuged by means of a Sharples centrifuge, first at low speed (21,000 r.p.m.) to remove food particles, protozoa, and yeast cells, then at a higher speed (34,500 r.p.m.) to throw down the bacteria. This separation was incomplete, and approximately 20 per cent. of the smaller organisms passed through the centrifuge. Microscopic examination showed the solid material collected to be practically free of food particles. The bacterial sludge was spread out in shallow dishes an.d dried in a hot-air oven at 50-60°C. The resulting dry samples appeared as rather dark translucent Hakes . and were found to be virtually free from fibre. One hundred g. of material from the "dry"-fed and 90 g. from the "green"-fed sheep were prepared in this way. The chemical composition of these samples, together with that of other rumen bacteria preparations given in the literature, is given in Table 1 . It is apparent that these two samples are very similar in protein content (N x 6.25) to those prepared by other workers but are appreciably higher in ether extract. The high value for the "green"-fed sample is no doubt inHuenced by the considerable quantities of ether-soluble pigments present, particularly chlorophyll.
Examination of the rumen samples prior to drying showed that there were some differences in the types of Hora present. In the "dry"-fed samples coccal and oval cells predominated and the giant iodophile forms were frequently observed. In the "green"-fed samples there was a greater proportion of rod forms and a considerable increase in the spiral forms. There were no Oscillospira species in either ~ample and very few of only the smallest SelemoTUl8 species. The iodophile reaction was very indistinct in both samples, presumably because of the starved condition of the sheep before slaughter.
( b) Experimental Methods

S07
The true digestibilities and biological values of the proteins were determined by the method of Mitchell (1923-4) as modified by Mitchell and Carmen ( 1926) , Beadles et al. (1933) , and Mitchell et al. (1945) .
From 15 inbred male albino rats, two groups, each consisting of six rats, matched in pairs according to litter and body weight, were selected. The age of the rats was 6-7 weeks and their body weights ranged from 70 to 100 g. Each rat was housed separately in a metabolism cage which permitted accurate and separate collection of all urine and· faeces voided. The animal room temperature was maintained at 23 ± 1°C. for the entire experimental period. The rats were fed daily at 2 p.m. and always weighed 2-2~ hours after this time. Distilled water was supplied ad libitum and the food was fed as a creamy paste to avoid spilling and at a level to ensure a more or less equal consumption by all rats, with a minimum of food residues. Any such residues were collected and dried under the same conditions as for the moisture determinations in the original diet. Mitchell (loc. cit.) established that the percentage of nitrogen in the residues treated in this manner was identical with that of the ration from which they had been taken.
Urine and faeces were collected daily. All urine from 2 p.m. on the first collection day to the same time on the eighth day was collected to represent a seven-day collection period. To avoid loss of ammonia the collecting flasks contained 10 ml. of 1-2 per cent. cone. H2S04 and the funnels, separating bulbs and flasks were washed daily with about 200 ml. of hot 1-2 per cent. H2S04• The whole of the urine and washings for each rat for each collection period was bulked and stored, with additional H2S04 and a small amount of toluene, in the refrigerator. Before analysis it was filtered through glass wool, made up to standard volume, and the nitrogen determined on suitable aliquots by a slight modification of the micro-Kjeldahl method of Cole and Parkes (1946) .
Ferric oxide and barium sulphate were used as faeces markers as recommended by Schneider (1935) . The ferric oxide was fed (1 per cent. of diet) on the first and eighth collection days and the barium sulphate (1 per cent. of diet) in the intervening period. The faeces were collected to include all those stained by the first feeding of ferric oxide and the barium sulphate which followed, but did not include those stained by the second feeding of ferric oxide on the eighth day. The faeces of each rat were kept under H2S04 in a desiccator, and the entire collection for each rat bulked, partially digested with H2S04, selenium, and K2S04, made up to standard volume, and aliquots taken for nitrogen determination as with the urines.
( c) The Diets
The composition of the variouS diets fed is given in Table 2 . Sufficient was made up from the finely-ground dried constituents to supply the requirements of the whole experimental period. This was stored in the refrigerator when not in use.
With the exception of the low egg-N diet these diets were made up to contain between 9 and 10 per cent. of the test protein (N x 6.25) and were isocaloric. The amounts of starch and butter fat were varied to allow for the amounts of test materials included and the caloric value of each was calculated as 4.7 cal. per g., of which 4.3 cal. per g. came from the carbohydrate and fat. This should have been sufficient to provide the energy requirements of the rat at the level consumed, independent of the protein supplied. A supplement of the water-soluble "B" vitamins'* was made up from the diet used by Brosshardt and Barnes (1946), on the assumption that a rat consumed 10 g. of this diet daily. This was kept in a tightly stoppered dark bottle in the refrigerator and made up freshly every three weeks. Each day 0.25 ml. of the suspension was added to the food jar of each rat just prior to feeding. This ensured a constant daily vitamin intake by each rat despite variations in food intake.
( d) Order of Feeding
The rather limited amounts of dried rumen bacteria available made it impossible to employ an ideal design of experiment in which each sample o The authors are indebted to Nicholas Pty. Ltd. for generous donations of these vitaminS.
RUMENAL FLORA STUDIES IN SHEEP. I 309 would be fed to each group of rats both before and after the low-nitrogen ration. Nevertheless, the use of a "standard" casein diet, for which ample data are available from the literature, on each group of rats, one before and one aft~r the low-nitrogen ration, permitted a satisfactory design to be employed, as set out in Table 3 .
Group I (6 rats)
Group II ,( 6 rats) Rumen bacteria diet ("dry" fed)
"Standard" casein diet
The first period of 10 days was divided into a 3-day preliminary period, followed by a 7-day collection period. The second period included a 7-day preliminary period to allow the rats to reach a constant level of endogenous nitrogen excretion (Olson and Palmer 1940; Miller and Morrison 1942) , followed by a 7-day collection period. In the third period, a 3-day preliminary period was followed by a 6-day collection period owing to shortage of material for Group 1.
( e) Determination of the Sulphur-containing Amino Acids Representative 10-g. samples were taken from each of the dried bacterial preparations and ground to pass through a 0.5-mm. sieve. "Whole" protein preparations were made from the ground samples by the method of Lugg ( 1939) , as modified by Lugg and Weller (1944) . Nitrogen determinations were made on the ground samples and on the "whole" protein preparations by the micro-Kjeldahl method. Cyst ( e )ine and methionine were determined by the differential oxidation method of Lugg (1938) together with the modified procedure of Lugg and Weller (loc. cit.) for total sulphur.
III. RESULTS (a) Nitrogen Balance Data
The complete nitrogen balance data for each rat for each feeding period are presented in Appendix I. The mean "true" digestibilities and biological values of the test proteins, calculated from these data, are given in Table 4 .
In calculating these results it is assumed that the metabolic faecal nitrogen per g. of dry matter consumed and the endogenous urinary nitrogen per 100 g. of body weight, obtained from the second feeding period on the low egg-N diet, were constant over the entire feeding trial. Such an assumption is supported by the data of Schneider (loc. cit.) and Smuts (1935) .
It will be noted that the digestibility figures for the casein protein are slightly higher than the theoretically possible with both groups of rats. They are also slightly higher than the following values for this material given in the literature: Beadles et al. (lac. cit.) , 99.1; Olson and Palmer (lac. cit.) 99.7; Hughes and Hauge (1945) , 100. This is due to a small negative balance of food nitrogen in the faecal nitrogen of the test periods. Similar, although much larger, negative balances are recorded in the data of Smuts and Marais (1938) , Smuts and Malan (1938) , and Marais and Smuts (1940) . This phenomenon may be due to small cumulative errors in the experimental techniques or to the fact that the whole dried-egg protein used in the low-nitrogen diets may not have had a true digestibility of 100 as assumed, owing to its method of preparation or some other cause. In this work and in that of the South African workers just cited, the egg was dried in the air at 90-100°C., whereas it is probable that the American workers, who did not obtain any such negative balances in the food nitrogen of the faeces, used commercial egg powder, presumably dried at lower temperatures. It is possible also that the metabolic faecal nitrogen is not as constant from one feeding period to another as assumed. Some support for this' possibility is provided by the data of Titus (1927) working with steers and of Brosshardt and Barnes (1946) working with mice.
Group II (6 rats) It will also be observed from Table 4 that the biological value of the casein is appreciably higher in the third feeding period, after the low-nitrogen period, than in the first feeding period. This difference is significant at the 1 per cent. level. Miller and Morrison (lac. cit.) also reported that the biological values for four rations following a low-nitrogen period were higher than the values obtained for the same rations with the same sheep before the low-nitrogen period. It is possible that there is an increased utilization of the absorbed nitrogen after a low-nitrogen period to replace the reserve protein stores of the liver and other tissues which have been depleted by the poor nitrogen intake. Ample evidence that the liver is readily depleted of a reserve protein store by a period of low nitrogen intake has been cited in the review of Kosterlitz and Campbell (1945) , while French, Routh, and Mattill (1941) have observed that, when a short period of high protein follows a low-protein or non-protein regime, rats over-compensate by storing unusual amounts of protein. This point, together with that made in the previous paragraph, needs to be kept in mind when considering the results for the rumen bacteria samples. It should also be mentioned that the mean value of 79.6 obtained for the biological value of the casein with all 12 rats is higher than the following values obtained under rather similar conditions of feeding by other workers: Beadles et al. (loc. cit.) , 73; Hughes and Hauge (loc. cit.), 65; Olson and Palmer (loc. cit.) , 62.
The outstanding finding revealed by the results given in Table 4 is the much lower digestibility found for the rumen bacterial protein than for casein. The mean "true" digestibilities of 62.1 for the "green"-fed sample and 64.8 for the "dry"-fed sample are not significantly different from each other but are both significantly lower than the mean value of 101.2 for the casein. Johnson et al. (loc. cit.) , using a limited number of rats, found a still lower value for the true digestibility of the protein of mixed rumen bacteria, namely 55. McNaught et al. (loc. cit.) , on the other hand, obtained a mean value of 72.3. This latter material differed from that described here and by Johnson et al. in that it was derived from incubated rumen material, and dried by the use of alcohol and ether, as compared with oven drying.
The position with respect to the biological values is quite different. Again there is no significant difference between the mean values obtained for the two rumen bacteria samples, but what the position would have been had the two samples been fed under identical conditions, i.e. in relation to the time of feeding the low-nitrogen ration, is not known. Possibly the "dry"-fed sample would have been significantly lower in biological value had it been fed before the low-nitrogen period, as with casein previously mentioned. The biological values of the protein of these samples of bacteria (77.9 and 79.9) are not significantly· different, however, from the mean value obtained for the casein for the whole 12 rats (79.6), in which the time of feeding factor might be expected to be eliminated. These values lie between the very high mean figure of 88.4 obtained for the biological value of the protein of a similar rumen bacteria preparation by McNaught et al. (loc. cit.) fed at an 8 per cent. crude protein level, and the mean figure of 66 obtained by Johnson et al. (loc. cit.) using only 3 rats and feeding at an appreciably higher crude protein level (10.75 per cent.). This latter low value may be due, at least in part, to a less efficient utilization of the absorbed nitrogen at the higher level of protein intake, compared with a protein intake of 8 per cent. in the' work of McNaught et al.
(loc. cit.) and of 9.2 per cent. and 9.7 per cent. in the present investigation.
( b) "Whole" Protein Preparations
The moisture contents and the weights of total nitrogen, coagulabe nitrogen, . and protein nitrogen in the rumen bacteria samples, together with the nitrogen data for the "whole" protein preparations, are shown in Table 5 .
It will be observed from Table 5 that, although the total nitrogen content of the bacteria from· the sheep on "dry" feed is somewhat higher than that of the "green"-fed sample, the reverse is true of their protein separations. Both bacterial samples contain considerable amounts of non-protein nitrogen, particularly the "green"-fed. During the "whole" protein preparations large quantities of extractable carbohydrates were removed from this latter sample, resulting in a preparation of high nitrogen content. In Table 6 the sulphur distributions of the "whole" proteins and of the unextracted bacteria samples are given. The values for cyst ( e )ine and methionine nitrogen and the amounts of sulphate-S are in each case expressed as percentages of the total nitrogen present. Each value represents the mean of closely-agreeing duplicate estimations. The apparent losses of cyst ( e )ine, methionine, and sulphate which occur in the extraction process are also shown. These losses must be qualified as "apparent" because of the possibility of the presence of other sulphur compounds in unextracted samples.
The results given in Table 6 indicate that the "dry"-fed sample has no extractable cyst ( e )ine but some free methionine or other sulphur compounds present, whereas the "green"-fed sample contains a proportion of extractable cyst ( e )ine and methionine or other sulphur compounds. It is apparent also that the two rumen bacteria samples and their protein preparations do not differ greatly in their contents of cyst ( e )ine in relation to the total nitrogen present, although this is not true of their methionine contents. The "green"-fed sample of unextracted bacteria is appreciably higher in methionine than the "dry"-fed and the protein preparation from this "green"-fed sample is considerably higher.
It is not possible to state whether this difference is due to an effect of diet on the nature of the bacterial proteins, independent of the bacterial types, or to differences in the types of organism comprising the two mixed samples.
Many workers have shown that changes in the nature of the diet result in qualitative as well as quantitative changes in the rumen· floral population (Quin 1943; Elsden 1945; Baker and Harris 1947; Moir, unpublished data 1949) , while others have presented evidence pointing to a relatively constant aminoacid constitution of bacterial and yeast proteins over a wide range of growth conditions (Carnien, Salle, and Dunn 1945; Block and Bolling 1945a; Freeland and Gale 1947) . A comparison of the values given in Table 6 with those given IV .. DISCUSSION It is clear from the results given in the preceding section that rumen bacterial protein is, compared with most sources of dietary protein, of high biological value but low digestibility. The biological values obtained for the two samples were not significantly different from each other and not significantly different from such a recognized '~quality" protein as casein, fed to the same rats under the same conditions. Their "true" digestibilities, however, were very much lower than that of casein. Direct comparison with the results of other investigators is impossible because of differences in the experimental conditions, but it is satisfactory to note that our values lie, in each case, between those of McNaught et al. (loc. cit.) and of Johnson et al. (loc. cit.) . This is not unexpected in view of the fact that the former workers fed their material at an 8 per cent. crude protein level and the latter at a 10.75 per cent. crude protein level, compared with 9.2 and 9.7 per cent. in the present work, although it is not contended that these differences in protein level are wholly responsible for the differences in the results of the three investigations. These may. also have been influenced to an unknown extent by differences in the types of bacteria present in the mixed samples.
The low digestibility obtained for the rumen bacterial protein in rats raises the question whether the ruminant animal is able to digest this protein any more successfully, and if so, whether the rumen protozoa normally play any part in the process. Johnson et al. (loc. cit.) found rumen protozoal protein to be very much more digestible in rats than bacterial protein from the same source, while the in vitro studies of Baker (1943) showed that protozoa from the rumen were readily accessible to peptic and tryptic digestion, but that the iodophile bacteria were resistant to digestion by pepsin and the effect of trypsin on these microorganisms varied with the type of organism and the brand of trypsin. used. On the other hand, the former workers also showed that on medium levels of nitrogen intake, mostly in the form of urea, sheep freed of protozoa in their digestive tracts utilized the nitrogen of the rations to about the same extent as normal sheep. Clearly, much further research is necessary on this important aspect of nitrogen nutrition in the ruminant.
The relatively high biological values obtained for the rumen bacterial protein invite inquiry as to the quantitative significance of this type of protein in ruminant nutrition. Johnson and his colleagues (loc. cit.) have presented evidence indicating that up to a level of 10-12 per cent. crude protein (N x 6.25) in the ration, which they regard as about the maximum amount of nitrogen capable of being handled by the rumenal microorganisms, a considerable proportion of the protein ultimately utilized by the ruminant is microbial protein, regardless of the nature of the dietary nitrogen. If this were true, all food nitrogen up to this level of intake should, as they suggest, exhibit a biological value characteristic of the nitrogen of the mixed microorganisms reaching the abomasum and duodenum. These workers go further and comment on the frequency with which biological values of about 60 have been obtained with ruminants fed a wide variety of rations containing 10-12 per cent. crude protein.
The implication is that this figure represents the average biological value to young ruminants of this type of protein. The fact that in this investigation and in that of McNaught et al. (loc. cit.) biological values much higher than RUMENAL FLORA STUDIES IN SHEEP. I 315 60 have been obtained with rats for rumen bacterial protein does not necessarily invalidate the above theory because (i) the same protein may not have the same biological value for growth in lambs as for growth in rats (in fact, the results of Lofgreen, Loosli, and Maynard ( 1947) with whole egg protein indicate that they do not), and (ii) the role played by rumen protozoal protein and its biological value are largely unknown. Nor is this attractive theory necessarily invalidated by the results of Lofgreen, Loosli, and Maynard (loc. cit.) , who found highly significant differences in the biological values of various sources of nitrogen when these were fed to lambs at a level equivalent to 10 per cent. crude protein. It must be pointed out that at present nothing is known of the possible differential effects of their rations on the numbers and types of rumenal flora and on the quantity and quality of the microbial protein formed. Some of these aspects of nitrogen nutrition in sheep are at present under investigation in this Laboratory.
The cystine and methionine values also call for further comment. Although, as pointed out in the preceding section, both samples of rumen bacteria were found to contain protein somewhat richer in methionine and very much richer in cystine than most microorganisms for which data are available, this does not mean that this protein is adequately supplied with sulphur-containing amino acids. Comparison with the values for "whole" egg protein given by Block and Mitchell (1946) shows that the rumen bacterial protein is very much lower in methionine and slightly lower in cystine than this almost perfectly utilizable protein, which has a biological value of nearly 100 for young growing rats. Comparison with the figures given by the same authors for casein shows that our rumen bacteria samples contain protein slightly lower in methionine but very much richer in cystine. Actual calculations, using the figures given in Table 6 and those of Block and Mitchell (loc. cit.) for casein, show that the casein diet fed to our rats supplied 29 mg. methionine-N and 3 mg. cystine-N per 10 g. of ration, whereas the "green"-fed rumen bacteria diet supplied 23 mg. methionine-N and 21 mg. cystine-N and the "dry"-fed rumen bacteria diet 19 mg. methionine-N and 20 mg. cystine-N per 100 g. of ration. Assuming that only one-sixth of the optimum methionine requirement of young growing rats can be supplied by cystine, as suggested by the experiments of Womack and Rose (1941) , and in view of the fact that approximately equal amounts of the three diets were consumed by our rats, simple calculation shows that the level of intake of total "effective" sulphur-containing amino acids from the rumen bacterial protein and that from the casein were very similar.
These findings suggest that rumen bacterial protein is mildly deficient in sulphur-containing amino acids as has been found for casein by Beadles et iiI . . (loc. cit.) and Kik (1938) , and described by Block and Mitchell (loc. cit. ) . This conclusion is supported by the fact that the biological values of the protein of the two rumen bacteria samples were not significantly different from that of casein. This is in keeping with the data of Block and Bolling (1945b) for yeast protein, but differs from those of Klose and Fevold (1944) and Hock and Fink (1943) .
It is true that these workers found yeast proteins to be primarily deficient in the sulphur-containing amino acids, but the former reported yeast to be seriously deficient in methionine only, relative to casein, while the latter found that cystine markedly improved its nutritive value. Moreover, our values for rumen bacterial protein are very considerably higher in cystine and appreciably higher in methionine than the Lactobacillus fermenti protein examined by Carnien, Salle, and Dunn (loc. cit.) . No doubt some of these differences are explainable in terms of the different methods of estimation used but, in addition, it is possible that the amino-acid constitution of the protein of different microorganisms varies appreciably from type to type. Confirmation or otherwise of this possibility must await the results of further investigation. While the possible direct stimulating effect of added amino acid on the rumen population cannot be entirely neglected, it is suggested that on the present evidence the most reasonable explanation of the benefits obtained by adding methionine to urea diets in lambs (Loosli and Harris 1945; Lofgreen, Loosli, and Maynard loco cit.) is that this amino acid supplements the microbial protein utilized by the host animal -protein in which methionine is the limiting amino acid. 
